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AbstractÐThe main objective of this study was to investigate the inactivation kinetics of
Cryptosporidium parvum oocysts with sequential disinfection schemes involving ozone as a primary
disinfectant, and free chlorine or monochloramine as a secondary disinfectant. Two types of synergistic
e�ects were observed. Ozone pre-treatment resulted in the removal of the relatively more pronounced
initial lag phases observed for monochloramine and hypochlorous acid. An additional and more
important synergistic e�ect was an enhancement in the rate of secondary inactivation with both
hypochlorous acid and monochloramine after complete removal of the lag phase by ozone pre-
treatment. A stronger synergy was observed at a lower temperature. The secondary inactivation rate
was 1.1±2.8 (hypochlorous acid) and 2.4±9.2 (monochloramine) times faster than the corresponding
post lag-phase primary inactivation rate at respective temperatures of 30±108C. Consistency between
the two viability assessment methods, modi®ed in-vitro excystation and animal infectivity, was
demonstrated or shown for both primary inactivation with ozone and secondary inactivation with
ozone/monochloramine. 7 2000 Elsevier Science Ltd. All rights reserved

Key wordsÐanimal infectivity, Cryptosporidium parvum, free chlorine, inactivation kinetics, in-vitro

excystation, monochloramine, ozone, synergy, temperature dependence

INTRODUCTION

Most drinking water disinfection systems in the
United States treating surface water were originally
designed, or subsequently modi®ed, to control mi-

crobial contaminants regulated under the Surface
Water Treatment Rule (SWTR) (US EPA, 1989),
i.e., enteric viruses and Giardia lamblia cysts. Unfor-

tunately, the CT (product of average disinfectant
concentration and contact time) parameters
achieved in these systems are generally inadequate
for inactivating the emerging protozoan parasite

Cryptosporidium parvum. High CT requirements for
both free and combined chlorine (Korich et al.,
1990; GyuÈ reÂ k et al., 1997; Oppenheimer et al.,

1997) make these two common disinfectants practi-
cally ine�ective for inactivating C. parvum oocysts
in drinking water. In contrast, ozone and chlorine

dioxide are more e�ective in controlling C. parvum
oocysts (Korich et al., 1990; Finch et al., 1993a;
Rennecker et al., 1999a; Ru�ell et al., 2000). How-

ever, many existing ozone and chlorine dioxide dis-

infection systems will need upgrading in order to

provide the high CT requirements anticipated for

C. parvum oocysts.

Ozone and chlorine dioxide are both strong oxi-

dizing agents that, in addition to reacting with

pathogens, decompose by reacting with other com-

mon constituents of natural waters. As a result,

treatment plants using ozone or chlorine dioxide as

``primary'' disinfectant also apply a secondary disin-

fectant, free or combined chlorine, in order to pro-

vide a residual in the distribution system as

required by the Disinfectants/Disinfection By-Pro-

ducts Rule (US EPA, 1998).

Sequential inactivation of C. parvum oocysts with

ozone or chlorine dioxide as primary disinfectants

and free or combined chlorine as secondary disin-

fectants is currently under investigation (Finch et

al., 1998; GyuÈ reÂ k et al., 1996; Liyanage et al., 1997;

Oppenheimer et al., 1997; Rennecker et al., 1999b;

Driedger et al., 2000). Despite these e�orts, no

agreement has been reached about the e�ciency of

these processes. Reasons for this impasse are the

variability of the scarce data available, and the high
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level of resources required to produce the necessary
data by the viability assessment method used in

most studies, i.e., animal infectivity. Recent data
sets for primary disinfection with ozone (Rennecker
et al., 1999a), and chlorine dioxide (Ru�ell et al.,

2000) for which oocyst viability was assessed by a
modi®ed in-vitro excystation method were shown to
be consistent with animal infectivity results reported

in the literature. The use of the modi®ed in-vitro
excystation method, simpler, faster and more accu-
rate than current animal infectivity assays, might

also allow the development of comparable data sets
for sequential disinfection if a maximum overall in-
activation e�ciency of approximately 99.5% is
deemed adequate.

The objectives of this study were to investigate
the inactivation kinetics of C. parvum oocysts with
sequential disinfection schemes involving ozone as

primary disinfectant, and free chlorine or mono-
chloramine as secondary disinfectant. Experiments
were performed to assess the role of ozone pre-

treatment level and temperature in the sequential in-
activation of C. parvum oocysts. An additional goal
of this research was to provide additional evidence

supporting the consistency between the modi®ed in-
vitro excystation and animal infectivity methods.

MATERIALS AND METHODS

Oocysts

Experiments were performed with bovine-source Iowa
strain C. parvum oocysts obtained from the University of
Arizona. Oocyst stocks were cleaned and stored following
procedures described previously (Rennecker et al., 1999a;
Ru�ell et al., 2000; Driedger et al., 2000). Oocysts from
four di�erent shipments (lots A±D, Table 1) were used for
the various experiments of the study. Times elapsed from
oocyst shedding at the University of Arizona to shipment,
cleaning, and testing for each experimental set are pre-
sented in Table 1.

Experimental matrix

Experiments were performed to assess the variability in
the ozone inactivation kinetics obtained for di�erent
oocyst lots (tests O-1±3) at 208C. The e�ect of temperature
(4±308C) on ozone inactivation kinetics was investigated
with oocyst lot C (tests O-3±6). All ozone disinfection ex-
periments were performed in a semi-batch reactor with the
oocysts suspended in 0.01 M phosphate bu�er solution
(PBS) at pH 7. The dissolved ozone concentrations used
ranged from 0.35 to 1.0 mg/l. Each ozone disinfection test
was designed to obtain an inactivation curve with gener-
ally 8±9 data points plus control and blank samples.

Experiments were also performed to determine the e�ect
of temperature (4±308C) on the inactivation kinetics of C.
parvum with free chlorine (tests C-1±4) and monochlora-
mine (tests M-1±4), both used as primary disinfectants.
These tests served as the baseline for secondary inacti-
vation experiments with the same disinfectants. All exper-
iments were performed in a batch reactor with 0.01 M
PBS at pH 6 (free chlorine) or pH 8 (pre-formed mono-
chloramine), and target dissolved disinfectant concen-
tration of 8.0 mg/l as Cl2. Each test was designed to
obtain an inactivation curve with generally 8±9 data
points and corresponding control and blank samples. The
pH of 6 was selected for free chlorine because previous

studies (Driedger et al., 2000) have shown that hypochlor-
ous acid is the main free chlorine species responsible for
inactivation of C. parvum. The pH of 8 was selected for
monochloramine to minimize its decomposition.
Sequential disinfection experiments were performed by

®rst treating oocysts with ozone at the levels indicated in
Table 1, and subsequently exposing the pre-treated oocysts
to free chlorine (tests OC-1±7) or monochloramine (tests
OM-1±9). Ozone pre-treatment was performed in a semi-
batch reactor with 0.01 M PBS at pH 7 and the same tem-
perature of the secondary disinfection step. Experimental
conditions for secondary inactivation with free chlorine
and monochloramine were the same as those described for
primary inactivation with these disinfectants. Sequential
disinfection tests were designed to assess the role of both
preozonation CT (tests OC-1±3, OM-1±3) and tempera-
ture (tests OC-4±7, OM-4±8). Test OM-9 was performed
to compare secondary inactivation e�ciencies assessed by
animal infectivity and modi®ed in-vitro excystation using
split samples. Each sequential disinfection test was
designed to obtain a secondary inactivation curve with
generally eight data points plus control and blank
samples.

Ozone disinfection

Ozone disinfection (tests O-1±6) experiments were per-
formed in a semi-batch reactor apparatus. Experimental
components used and methods followed were those
described by Rennecker et al. (1999a) with the exception
that a lower dose of approximately 7 � 105 oocysts was
used for each experimental run.

Free and combined chlorine disinfection

Primary inactivation experiments with free and com-
bined chlorine (tests C-1±4 and M-1±4) were performed
with a batch reactor. Experimental components used and
methods followed for the free chlorine experiments were
the same as those described by Driedger et al. (2000).
Monochloramine solutions were prepared by dissolving
3.054 g of NH4Cl (Fisher Scienti®c, Itasca, IL) in 100 ml
of 0.01 M PBS at pH 8. Two ml of this stock solution
were added to approximately 750 ml of 0.01 M PBS (pH 8)
contained in a 2 l volumetric ¯ask. In a separate 1-l volu-
metric ¯ask, a predetermined amount of 4±6% sodium
hypochlorite solution (Fisher Scienti®c, Itasca, IL), corre-
sponding to approximately 16 mg/l as Cl2, was added to
1 l of 0.01 M PBS (pH 8) and subsequently stirred to
ensure complete mixing. The sodium hypochlorite/bu�er
solution was added, under continuous mixing, to the 2-l
¯ask containing the ammonium chloride solution. The 2-l
¯ask was subsequently brought to volume with 0.01 M
(pH 8) PBS and mixed for 20 min. The solution was then
transferred to a 2.33-l amber glass bottle and the pH was
adjusted to 8.0020.05, if necessary, by the dropwise ad-
dition of NaOH or HCl. The monochloramine concen-
tration was then determined by Standard Method 4500-Cl
F (APHA et al., 1992), as well as by direct UV spectro-
photometry. A spectrophotometer, Model 1601 (Shimadzu
Scienti®c Instruments, Columbia, MD), with wavelength
set at 243 nm was used for the latter method. Results
obtained by direct spectrophotometry using a molar
absorptivity of 461 Mÿ1 cmÿ1 (Kumar et al., 1986) were
found to agree within 5% of those corresponding to Stan-
dard Method 4500-Cl F. The 2.33-l reactor containing the
monochloramine solution was immersed in a water bath
set at the target experimental temperature. Other exper-
imental components used and methods followed for the
monochloramine experiments were the same as those
described for free chlorine by Rennecker et al. (1999b) and
Driedger et al. (2000).

Synergy in sequential inactivation of Cryptosporidium parvum 4123



Sequential disinfectant inactivation experiments

Primary and secondary inactivation of C. parvum
oocysts with ozone/free chlorine (tests OC-1±7) or ozone/
monochloramine (tests and OM-1±9) was investigated in a
manner similar to that described previously for the single-
step disinfection experiments. Additional steps speci®c to
the two-step inactivation procedure were described by
Rennecker et al. (1999b) and Driedger et al. (2000).

Viability assessment

Oocyst viability of control and disinfected samples was
assessed by the modi®ed in-vitro excystation assay devel-
oped by Rennecker et al. (1999a) for all experimental sets
presented in Table 1. The various steps comprising this
method have been described in previous publications
(Rennecker et al., 1999a; Ru�ell et al., 2000). Oocyst via-
bility (N/N0) was calculated with the expression
(Rennecker et al., 1999a):

N

N0
� S=X

IO� EO
�1�

where IO, EO and S are the numbers of intact oocysts,
excysted oocysts, and sporozoites, respectively, counted by
phase contrast microscopy at a magni®cation of 1000�. X
is the ratio of sporozoites to excysted oocysts in the con-
trol, Sc/EOc, given in Table 1 for each test. The total num-
ber of entities, i.e., IO+EO+S, enumerated for each
sample was at least 800 so that inactivation e�ciencies as
high as 99.5% could be determined with coe�cient of
variation within 50%. The number of sporozoites and
excysted oocysts observed in control and treated samples
were corrected to account for their presence in blank (i.e.,
oocyst stock) samples.

The validity of the modi®ed in-vitro excystation method
to represent inactivation was checked with an ozone/
monochloramine experiment (test OM-9). The experimen-
tal methods followed were the same as those used for
other sequential experiments of this study with the excep-
tion of doubling the oocyst dose per run (1.45 � 107

oocysts). The resulting control and disinfected samples
were split for viability assessment by both modi®ed in-
vitro excystation and animal infectivity methods. The ani-
mal infectivity samples were shipped by overnight delivery
to the University of Arizona for viability assessment
according to the following protocol. Four- to six-day old
neonatal CD-1 out-bred mice were administered doses of
oocysts prepared in sterile water adjusted to pH 7. Doses
were prepared by dilution of samples after sample density
determination with a hemacytometer, and based on inacti-
vation e�ciencies obtained by the modi®ed in-vitro excys-
tation assay. The oocysts were administered orally in 10-ml
volumes. A total of 16±24 mice were inoculated per
sample. The animals were sacri®ced seven days post inocu-
lation and a 2-cm section of the terminal ileum was
removed. The tissue samples were ®xed in formalin,
embedded in para�n, sectioned, mounted on slides,
stained, and examined for signs of infection. Samples were
labeled as either positive or negative for infection. Oocyst
viability was determined with the following dose±response
formula (Finch et al., 1993b):

ln

�
P

1ÿ P

�
� ÿa1 � a2 log 10�VO� �2�

in which VO is the number of viable oocysts in the inocu-
lum, and P is the fraction of mice infected. The par-
ameters a1 and a2 are empirical constants obtained by
®tting experimental dose±response data with equation (2).

RESULTS AND DISCUSSION

Primary disinfection with ozone

The inactivation kinetics of C. parvum oocysts

with ozone at pH 7 and 208C for three of the
oocyst lots used in this study are presented in Fig. 1
(tests O-1±3, Table 1). Consistent with previous ob-

servations with ozone (Rennecker et al., 1999a),
each inactivation curve was characterized by a rela-
tively short lag phase with little inactivation fol-

lowed by pseudo-®rst-order inactivation kinetics.
The viability of the oocyst stock was less than
100% for all three lots with lot C having the lowest
viability (51%).

The inactivation curves were ®tted with the
delayed Chick±Watson model (Rennecker et al.,
1999a):

N

N0
�8>>>>>>>>>>>>>>>><>>>>>>>>>>>>>>>>:

�
N

N0

�
c

if CTRCTlag � 1

k
ln

(�
N1

N0

��
N0

N

�
c

)
N1

N0
exp�ÿkCT � � exp�ÿkfCTÿ CTlagg�

if CT > CTlag � 1

k
ln

(�
N1

N0

��
N0

N

�
c

)
�3�

where k is the post-shoulder second-order inacti-
vation rate constant in l/(mg � min), C is the dis-

solved ozone concentration in mg/l, T is the contact

Fig. 1. Kinetics of primary inactivation of C. parvum
oocysts (lots A, B, and C) with ozone at 208C and pH 7.
Arrows indicate target pre-treatment CT levels prior to
secondary disinfection with free chlorine (pH 6) or mono-

chloramine (pH 8).
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time in min, N1/N0 is the intercept with the ordinate
axis resulting from extrapolation of the pseudo-

®rst-order line, (N/N0)c is the viability of the control
(Table 1), and CTlag is the lag phase CT. The lines
presented in Fig. 1 resulted from ®tting the data

with equation (3). The resulting N1/N0 values were
1.4, 2.9, and 0.81 for lots A, B, and C, respectively.
The respective rate constants were 0.942, 1.04, and

0.845 l/(mg � min) which were within 18% of that
of 1.02 l/(mg � min) reported by Rennecker et al.
(1999a) for rodent-source Iowa strain oocysts.

The e�ect of temperature on the rate of C. par-
vum oocyst inactivation with ozone is shown in
Fig. 2. Consistent with the observation by
Rennecker et al. (1999a), the lag phase increased

and the pseudo-®rst-order rate decreased with
decreasing temperature within the range of 4±308C
investigated. Notice that although the temperature

experiments were performed at times ranging from
16 days (208C) to 115 days (308C) after oocyst
shedding, no signi®cant change was observed in the

viability of the control (Table 1) which averaged
(N/N0)c=0.49. Rate constants obtained by re-
gression of each data set in Fig. 2 with equation (3)

are plotted in Fig. 3 according to the Arrhenius ex-
pression:

k � A exp

�
ÿ Ea

RT

�
�4�

where A is the frequency factor in l/(mg � min), Ea

is the apparent activation energy in J/mole, R =

8.314 J/(mole � K) is the ideal gas constant, and T
is absolute temperature in K. The intercept with the
ordinate axis resulting from extrapolating each inac-

tivation curve was approximately (N1/N0)=0.81,
independently of temperature. Also shown in Fig. 3

is the line reported by Rennecker et al. (1999a) for
the ozone inactivation of rodent-source Iowa strain

oocysts (A = 3.00 � 1014 l/(mg � min), Ea=81,200
J/mole). As depicted in Fig. 3, experimental k
values obtained in this study were consistent (within

30%) with the temperature dependence by
Rennecker et al. (1999a) with exception of that at
308C that was 2.25 times higher than expected. The

role of oocyst age in the occurrence of this discre-
pancy will be addressed in a subsequent section
when discussing similar e�ects also observed for

sequential inactivation.

Primary disinfection with free chlorine and mono-
chloramine

The inactivation kinetics of C. parvum oocysts
with free chlorine at pH 6 (approximately 96% of
the free chlorine present as hypochlorous acid), and

pre-formed monochloramine (pH 8) at temperatures
of 4±308C are presented in Figs 4 and 5, respect-
ively. Similar to the observation for ozone, each in-

activation curve was comprised of a lag phase
followed by a pseudo-®rst-order inactivation rate.
Notice that the lag phases obtained with free chlor-

ine and monochloramine were somewhat more pro-
nounced than those observed for ozone.
The primary inactivation experiments with free

and combined chlorine were all performed with the

same shipment of oocysts (lot A, Table 1). No
trends were observed in the excystation e�ciency of
the free chlorine control, averaging (N/N0)c=0.74,

Fig. 3. Arrhenius plot of second-order rate constants for
primary inactivation with ozone (pH 7, this study and
Rennecker et al., 1999a), chlorine dioxide (Ru�ell et al.,
2000), free chlorine (pH 6) and monochloramine (pH 8),
and for secondary inactivation with free chlorine (pH 6)
and monochloramine (pH 8) after ozone pre-treatment

(pH 7).

Fig. 2. E�ect of temperature on the kinetics of primary in-
activation of C. parvum oocysts (lots C) with ozone at
pH 7. Arrows indicate target pre-treatment CT levels prior
to secondary disinfection with free chlorine (pH 6) or

monochloramine (pH 8).

Synergy in sequential inactivation of Cryptosporidium parvum 4125



with oocyst age. In contrast a decrease in (N/N0 )c
was observed for monochloramine. The minimum
excystation e�ciency of the control, (N/N0)c=0.25,
was reached for the 48C test performed with the

oldest oocysts. It appeared that the oocysts were
stable for approximately 3±4 months and deterio-
rated with subsequent storage time at 48C.

Each inactivation curve in Figs 4 and 5 was ®tted
with equation (3). The resulting extrapolated inter-
cept for free chlorine was N1/N0=4.6 independently

of oocyst age. In contrast values for monochlora-
mine dropped from N1/N0=61 at 208C to N1/
N0=1.4 at 48C, when the respective oocysts used
were 39 to 159 days old. The ®tted rate constants

are plotted in Fig. 3. The temperature dependence
of the rate constants was generally consistent with
equation (4) for both free chlorine and monochlora-

mine as depicted in the ®gure. The parameters
obtained by ®tting the k values to equation (4) were

A = 1.29 � 1010 l/(mg � min) and Ea=71,610 J/
mole for free chlorine, and A= 7.93� 1010 l/(mg�
min) and Ea=78,650 J/mole for monochloramine.

Notice that the apparent activation energies for free
chlorine and monochloramine were within 12 and
3%, respectively, of the value Ea=81,200 J/mole

for ozone. Interestingly, the activation energy for
chlorine dioxide, Ea=86,300 J/mole (Ru�ell et al.,
2000) was also within 7% of that for ozone (see

Fig. 3), thus suggesting that there might be some
similarities in the inactivation mechanisms of C.
parvum oocysts by these four disinfectants.

Sequential disinfection with ozone/free chlorine and

ozone/monochloramine

E�ect of ozone pre-treatment CT. Results for the

experiments designed to assess the e�ect of ozone
pre-treatment CT on the secondary inactivation kin-
etics of free chlorine at pH 6 (tests OC-1±4) and

monochloramine at pH 8 (tests OM-1±3, 5), and
208C are presented in Figs 6 and 7, respectively.
Filled and open symbols were used to represent pri-

mary and secondary inactivation curves, respect-
ively. Filled symbols were also used to represent the
control (without ozone pre-treatment) correspond-
ing to each secondary inactivation curve. CT levels

investigated for ozone pre-treatment, 0.35, 0.70 and
1.4 mg �min/l, are indicated with arrows in Fig. 1.
These pre-treatment CT levels were chosen to be

approximately 0.5, 1.0 and 2.0 times the observed
CTlag. The results obtained for secondary disinfec-
tion with free chlorine revealed that a reduction in

the ozone inactivation curve shoulder during pre-
treatment resulted in a similar reduction in the
shoulder of the secondary inactivation curve. The

Fig. 4. E�ect of temperature on the kinetics of primary in-
activation of C. parvum oocysts (lots A) with free chlorine

at pH 6.

Fig. 5. E�ect of temperature on the kinetics of primary in-
activation of C. parvum oocysts (lots A) with monochlora-

mine at pH 8.

Fig. 6. E�ect of ozone pre-treatment CT (208C, pH 7) on
the kinetics of secondary inactivation of C. parvum oocysts
(lot A unless otherwise indicated) with free chlorine (208C,

pH 6).
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pseudo-®rst-order rate constant for the secondary
curve corresponding to the partial reduction of the

curve shoulder (ozone pre-treatment CT = 0.35 mg
�min/l) was estimated at k= 0.00295 l/(mg�min)
by ®tting the data with equation (3). This value was

16% higher than that of 0.00255 l/(mg � min) for
the post-shoulder primary inactivation with free
chlorine. In contrast, k values for the secondary

curves for which the entire shoulder was eliminated
by ozone pre-treatment (ozone pre-treatment CT =
0.7 and 1.4 mg � min/l) were found to be approxi-

mately 1.3±1.6 times that of the primary inacti-
vation with free chlorine. This synergistic e�ect was
consistent with that observed by Driedger et al.
(2000) for sequential inactivation schemes involving

ozone as primary disinfectant and hypochlorous
acid as secondary disinfectant. Notice that in agree-
ment with the observation by Driedger et al. (2000),

an initially faster rate of secondary inactivation for
the curves corresponding to ozone pre-treatment
CT = 1.4 mg � min/l was observed. As depicted in

Fig. 6, the viability measured after ozone pre-treat-
ment deviated from the intercept of the line
obtained by linear regression of the subsequent data

points.
Experimental results obtained for the ozone/

monochloramine experiments also revealed the
occurrence of synergy as depicted in Fig. 7. A par-

tial reduction in the inactivation curve lag phase by
ozone pre-treatment at CT = 0.35 mg � min/l
resulted in partial reduction of the secondary inacti-

vation shoulder. The rate constant for the post-
shoulder pseudo-®rst-order inactivation of the pre-
treated oocysts, k = 0.000794 l/(mg � min), was

within 1% of that for primary inactivation with
monochloramine, k = 0.000801 l/(mg � min). In
contrast, the rate of secondary inactivation after
removing the shoulder by ozone pre-treatment at

CT = 0.7 mg � min/l, k = 0.00182 l/(mg � min),

was 2.3 times that for primary inactivation with
monochloramine. Additional ozone pre-treatment
(CT = 1.4 mg � min/l) resulted in even greater

synergy. Secondary inactivation rate constants were
k = 0.00208 l/(mg � min) for lot B, and k =
0.00385 l/(mg�min) for lot C, or 2.6 and 4.8 times

greater than that for primary inactivation with
monochloramine. The di�erent curves obtained
with lots B and C, despite receiving the same level
of ozone pre-treatment, was likely the result of

di�erences in oocyst resistance to inactivation as
supported by comparing the corresponding ozone
inactivation curves in Fig. 1.

In addition to the synergy associated with the
increase in post-shoulder inactivation rate, an ad-
ditional synergistic e�ect also observed was that the

more pronounced lag phases of the primary inacti-
vation curves for free chlorine and monochloramine
(Figs 4 and 5) were removed by removing the less

pronounced shoulder of the ozone inactivation
curve (Fig. 1).

Fig. 8. E�ect of temperature on the kinetics of secondary
inactivation of C. parvum oocysts (lot C) with free chlorine

(pH 6) after ozone pre-treatment (pH 7).

Fig. 9. E�ect of temperature on the kinetics of secondary
inactivation of C. parvum oocysts (lot C unless otherwise
indicated) with monochloramine (pH 8) after ozone pre-

treatment (pH 7).

Fig. 7. E�ect of ozone pre-treatment CT (208C, pH 7) on
the kinetics of secondary inactivation of C. parvum oocysts

(lots A, B, C) with monochloramine (208C, pH 8).
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E�ect of temperature. The role of temperature (4±

308C) in sequential inactivation of C. parvum
oocysts with ozone/hypochlorous acid and ozone/
monochloramine was assessed with oocysts from lot

C. Respective experimental results are presented in
Figs 8 and 9. Once again, open symbols were used
for secondary inactivation curves and ®lled symbols

for the corresponding control samples (without
ozone pre-treatment). Target ozone pre-treatment

CT values selected to reduce oocyst viability to
20% were 10, 3.5, 1.4, and 0.3 mg � min/l for the
temperatures of 4, 10, 20, and 308C, respectively, as
indicated with arrows in Fig. 2.
Consistent with experimental results discussed

previously for 208C, ozone pre-treatment in excess

of CTlag also resulted in secondary free chlorine in-
activation curves without a shoulder at tempera-

tures in the range of 4 to 308C (Fig. 8). The
corresponding secondary rate constants obtained by
linear regression of the inactivation curves are

plotted according to equation (4) in Fig. 3. The
e�ect of temperature on the rate of secondary inac-
tivation with free chlorine after ozone pre-treatment

was consistent with the Arrhenius relationship for
temperatures in the range of 10±308C. Surprisingly,
the rate of secondary inactivation at 48C was faster
compared to those at higher temperatures. An ex-
planation for this erratic result will be o�ered after

presenting the results for the ozone/monochlora-
mine tests.

Similar results were observed for oocysts treated
sequentially with ozone/monochloramine (Fig. 9).
In general, the rate of inactivation decreased with

decreasing temperature in the range of 10±308C
according to equation (4) as depicted in Fig. 3. Fur-
thermore, an apparently erratic faster rate was also

observed at 48C. One more interesting observation
was that the rate constants for the secondary inacti-

vation of both hypochlorous acid and monochlora-
mine were approximately the same at all
temperatures. Fitting of the experimental k values

at 10±308C with equation (4) resulted in A=2.84�
104 l/(mg � min) and Ea=38,530 J/mole for free
chlorine, and A = 8.00 � 102 l/(mg � min) and

Ea=30,080 J/mole for monochloramine. The lower
apparent activation energies are indicative of

changes in the overall mechanism responsible for
the inactivation of C. parvum oocysts with hypo-
chlorous acid and monochloramine after pre-treat-

ment with ozone. The apparently erratic rate
constant values observed at 48C were approximately
2.7 (hypochlorous acid) and 1.8 (monochloramine)

times higher than those predicted with the Arrhe-
nius expression based on the higher temperature

data. Interestingly, these deviations are of the same
order of magnitude as that discussed previously for
the primary inactivation data with ozone at 308C
(rate constant 2.25 times higher than that predicted
with the Arrhenius expression based on 4±208C). A
common condition for all of these three tests was

that they were the last three tests performed with
oocysts from lot C after storage times of 110±115

days. Apparently, a sudden change in oocyst resist-
ance to disinfectants took place between days 103
and 110. This conclusion is consistent with the ob-

servation reported by Driedger et al. (2000) for pri-
mary inactivation with ozone. These authors found
that the rate constant for the inactivation of 103-

day-old oocysts with ozone at 208C was approxi-
mately twice that reported by Rennecker et al.
(1999a) for younger oocysts. Furthermore, the con-

clusion that the secondary inactivation rates
obtained at 48C were erratic was also supported by
the results obtained for an additional ozone/mono-
chloramine tests performed with younger oocysts

from lot D (Test OM-8, Table 1). The experimental
results are presented in Fig. 9, and the correspond-
ing rate constant is plotted in Fig. 3. The exper-

imental rate constant of 0.00182 l/(mg � min) was
only 7% higher than that predicted by equation (4)
with A=8.00� 102 l/(mg�min) and Ea=30,080 J/

mole.
The temperature dependence for primary and sec-

ondary inactivation rate constants presented in

Fig. 3 indicate that the synergistic e�ects of sequen-
tial disinfection schemes are more pronounced at
low temperatures. The ratio of expressions of the
form of equation (4) with collision factor and acti-

vation energy values given previously for primary
and secondary inactivation with hypochlorous acid
and monochloramine can be used to estimate the

level of synergy at each temperature. For example,
the rate of secondary inactivation was 1.1±2.8
times faster than the post-shoulder rate of primary

inactivation with hypochlorous acid at respective
temperatures of 30±108C. In the case of mono-
chloramine, the rate enhancement was 2.4±9.2 times
again for respective temperatures of 30±108C. The
rate enhancement estimated for monochloramine at

Fig. 10. Comparison of the kinetics of C. parvum oocysts
(lot D) inactivation with ozone/monochloramine obtained
with oocyst viability assessed by modi®ed in-vitro excysta-

tion and animal infectivity methods.
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48C, veri®ed with oocysts from a di�erent lot, was
approximately 14 times. However, additional testing

with a single lot of oocysts would be necessary to
con®rm this enhancement, as well as to extend the
study to temperatures near the freezing point. The

availability of such information should be most
valuable for winter operation of drinking water dis-
infection systems.

Comparison of modi®ed in-vitro excystation and ani-
mal infectivity methods

Results obtained for the experimental set (test
OM-9, Table 1) designed to compare viability by
modi®ed in-vitro excystation and animal infectivity
methods are presented in Fig. 10. The in-vitro

excystation results with oocysts from lot D were
consistent with those obtained for lot C. The sec-
ondary inactivation rate constant for test OM-9, k

= 0.00368 l/(mg � min), was within 10% of the
value k = 0.00386 l/(mg � min) obtained for test
OM-5 (see Fig. 9).

The animal infectivity results were interpreted
with equation (2). However, a1 and a2 values
reported in the literature for Iowa strain C. parvum

oocysts vary widely (Finch et al., 1993b; US EPA,
1999; GyuÈ reÂ k et al., 1999). The curve with triangu-
lar symbols in Fig. 10 is based on the dose-response
parameters a1=6.752 and a2=3.611 (US EPA,

1999) recommended by the University of Arizona.
As depicted in the ®gure, the inactivation e�ciency
based on animal infectivity was approximately 0.7-

log greater compared to that based on modi®ed in-
vitro excystation. An e�ort was made to assess
other correlations that would provide lower levels

of inactivation e�ciencies. For example, parameters
obtained by ®tting dose-response data reported by
Finch et al. (1993b) for oocysts younger than 90
days old with equation (2) were a1=12.46 and

a2=5.364. The circular symbols represented in
Fig. 10, obtained with these new parameters,

matched the modi®ed in-vitro excystation results
more closely. These comparisons revealed that sec-
ondary inactivation data based on the modi®ed in-

vitro excystation method are generally consistent
with animal infectivity results and that any discre-
pancies observed could be due to analytical varia-

bility.
Similar levels of consistency between modi®ed in-

vitro excystation and animal infectivity methods

were found for primary inactivation of C. parvum
oocysts with ozone (Rennecker et al., 1999a) and
chlorine dioxide (Ru�ell et al., 2000). Additional
evidence of consistency between these viability

methods for primary inactivation with ozone is pre-
sented in Fig. 11. The inactivation curves obtained
by ®tting the data (pH 7, 208C) in Fig. 1 with

equation (2) were extrapolated to greater inacti-
vation e�ciencies. The resulting lines are compared
to the data reported by GyuÈ reÂ k et al. (1999) for the

inactivation of Iowa strain C. parvum oocysts with
ozone at pH 6±8 and a slightly higher temperature
of 228C. Also shown in the ®gure are the animal

infectivity results reported by Hirata et al. (2000)
for the inactivation of rodent-source (originally iso-
lated from a human patient) C. parvum oocysts at
pH 7 and 208C. As depicted in Fig. 11, good agree-

ment is observed among the three data sets con®rm-
ing the consistency between viability assessment
methods.

CONCLUSIONS

The inactivation kinetics of C. parvum oocysts
with single disinfectants (ozone, hypochlorous acid,
and monochloramine) was characterized by a lag

phase with little inactivation followed by a pseudo-
®rst-order decrease in viability. The lag phase was
found to be most predominant for monochlora-

mine, followed by hypochlorous acid and then
ozone. The respective fractions of the total CT
required to achieve 99% inactivation of C. parvum

oocysts that were used to overcome the lag phases
were 55, 40 and 20%.
Removal of the less pronounced lag phase by

ozone pre-treatment resulted in the absence of the

more pronounced lag phase in secondary inacti-
vation with both hypochlorous acid and mono-
chloramine. An additional synergistic e�ect was an

enhancement in the rate of secondary inactivation
with both hypochlorous acid and monochloramine
after complete removal of the lag phase by ozone

pre-treatment. A stronger synergy was observed at
lower temperature. The rate of secondary inacti-
vation was 1.1±2.8 (hypochlorous acid) and 2.4±9.2

(monochloramine) times faster than the correspond-
ing post lag-phase rate of primary inactivation at
respective temperatures of 30±108C.
Inactivation e�ciencies obtained by the modi®ed

Fig. 11. Comparison of the kinetics of C. parvum oocysts
inactivation with ozone determined in this study with
modi®ed in-vitro excystation and animal infectivity data
reported by GyuÈ reÂ k et al. (1999), and Hirata et al. (2000).
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in-vitro excystation method were found or shown to
be consistent with animal infectivity data for both

primary inactivation with ozone and secondary in-
activation with monochloramine after ozone pre-
treatment.

The results presented in this manuscript indicate
that drinking water utilities using ozone as primary
disinfectant and having su�cient contact time with

the secondary disinfectant in product water clear
wells or reservoirs can provide substantially greater
protection against C. parvum oocysts compared to

the e�ect of the primary disinfectant alone. Further-
more, this information can also serve as a guideline
for the design of new sequential disinfection systems
using ozone/monochloramine and ozone/free chlor-

ine.
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